A chain-end mechanism was postulated to account for the precipitation reaction between concanavalin A and certain specific, branched macromolecules,33~ 37. .m. -(* (for example, a-D-glucans. a-D-mannans and 8-D-fructans) .
As indicated below, this generalization requires modification. A model of the chain-end mechanism is shown in FIGURE 1. Concanavalin A is depicted as a tetrameric protein with four combining sites, each capable of interacting with specific, terminal glycosyl residues of polysaccharide or glycoprotein chain ends.
Since only neutral saccharides react with concanavalin A, it has been postulated that hydrogen bonding probably plays an important role in the binding phenome-,on.:i:. .&I. 15. .II: Through the use of simple sugars and their derivatives as inhibitors of the concanavalin A-dextran interaction, it has been possible to ascertain the configurational features that a molecule must possess in order to bind to concanavalin A. In some instances it has been possible to ascribe a role in the binding mechanism for individual 0 and H atoms of the various saccharide hydroxyl groups.
The simplest known substances that interact with the protein are 2-deoxy-1,s-anhydro-Garabino-hexitol 34 and 1,4-anhydro-~-arabinitol 4 2 (FIGURE 2). There are remarkable similarities in the angular dispositions of the hydroxyl groups of these two ring systems.34 Any modification of the crucial hydroxyl groups at C-3, C-4, and C-6 of the tetrahydropyran ring or at C-2, C-3, and C-5 of the tetrahydrofuran ring (for example, a change in configuration or a conversion to a deoxy or 0-methyl ether derivative) drastically reduces or abolishes interaction with the pr0tein.3~. ~O V .*2 Sugars that are configurationally related to these structures will also interact with concanavalin A. The names of several of these carbohydrates are listed beneath their respective prototypes in FIGURE 2. Concanavalin A has also been shown to have a high degree of specificity for the a-configuration at the anomeric (C-1) carbon atom of the Dpyranose ring
35, 40, .*l
There is a striking parallel between the simple sugars bound by concanavalin A and the monosaccharides that serve as substrates for yeast hexokinase (see FIGURE VI.3 in Dixon and Webb's treatise Enzymes 47). Although nothing definitive is known regarding a possible physiological role for concanavalin A within the jack bean, it is tempting to postulate an enzymatic activity for concanavalin A. However, we have been unable to detect any hexokinase, phosphatase, or phosphorylase activity for this protein.
Although the a-methylglycoside of 2-deoxy-~-glucose (methyl 2-deoxy-a-D-urubino-hexopyranoside) binds to concanavalin A, the addition of an axial hydroxyl group (a D-manno-configuration) enhances the affinity of the saccharide for concanavalin A threefold. An equatorial C-2 hydroxyl group (a D-glum-configuration) destabilizes the carbohydrate-protein complex, probably through steric hindrance :I1. .I1 (TABLE 1 ) . From these data it may be deduced that there exists on the protein a locus that reacts specifically with the C-2 hydroxyl group of D-mannose. In order to identify the precise atom(s) of the C-2 hydroxyl group that may be involved in binding to the protein, several derivatives of D-mannose modified at the C-2 position were tested.4' The 2-0-methyl derivatives of D-mannose bind as well as the parent sugar (TABLE   1 ) . Furthermore, 2-deoxy-2-fluoro-~-mannose is a somewhat better inhibitor than D-mannose. Since a fluorine atom is isosteric with an hydroxyl group and is known to participate in hydrogen bond formation,ts we suggest that it is the 0-atom of the C-2 hydroxyl group of D-mannose that is involved in noncovalent bonding to the protein.
The effect of modifying the C-3 hydroxyl group of D-ghCOSe has already been
The data in TABLE 1 indicate that a C-3 equatorial hydroxyl group is required, that there is a relatively close fit between the protein and this hydroxyl group, and that it is the 0-atom of the C-3 hydroxyl group that participates in H-bonding to the protein. * Because these data were collected in a series of experiments over a long time +Where numbers are given in parentheses, 50% inhibition was not attained; the numbers in parentheses indicate the percent inhibition given by the pmol saccharide noted. is an absolute necessity:" Any modification of this hydroxyl group abolishes the capacity of the sugar to bind to concanavalin A. Thus, methyl a-D-galactopyranoside, methyl 4-O-methyl-a-~-glucopyranoside, and 4-deoxy-4-fluoroDglucose do not inhibit concanavalin A-polysaccharide interaction. These data point to a very close fit between the protein and the C-4 hydroxyl group, and indicate that it is the H-atom of this hydroxyl group that binds to the protein.
Inhibition t Compound Methyl 2-deoxy-a-D-arabino-hexopyranoside
A study of the effects of alterations of the C-6 hydroxymethyl group of D-glucose has also been published.:j5 Neither methyl a-D-xylopyranoside (which lacks a C-6 hydroxymethyl group) nor methyl 6-deoxy-a-~-glucopyranoside (which lacks a C-6 hydroxyl group) binds to concanavalin A. The a-methyl glycoside of 6-deoxy-6-fluoro-~-glucose is a very poor inhibitor of the concanavalin A system. On the basis of these studies it was concluded 35 that an 
.=methyl a-D-glucopyranoside. Each tube contained concanavalin A (340 p g ) . dextran B-13553 (600 p g ) , and inhibitor as noted, in a total volume of 3.0 ml. unmodified C-6 hydroxymethyl group is required, and it is the H-atom of the C-6 hydroxyl group that forms an H-bond with concanavalin A.
As already indicated, concanavalin A exhibits a marked preference for the a-configuration at the C-1 position of the Dpyranose ring (TABLE 1 ) . Recently it was shown in our laboratory that a-Dglucopyranosyl fluoride is equivalent to Dglucose as an inhibitor of concanavalin A-dextran precipitation (TABLE 1 ).
One possible interpretation is that the 0-atom at the C-1 position may be involved in binding to the protein.
A summary of the conclusions that may be suggested by the above data is presented in FIGURE 3. The generalization we initially formulated (the possession of unmodified hydroxyl groups at the C-3, -4, and -6 positions of the a-D-glucopyranosyl or a-D-mannopyranosyl ring system) appears to be the broadest possible formulation of the configurational requirements for the binding of carbohydrates to concanavalin A. Nevertheless, it has become necessary to modify the original concept of an exclusive chain-end mechanism to account for all concanavalin A-carbohydrate interactions. A number of years ago Hehre anticipated this modification when he noted that internal 2-0-linked a-Dglucopyranosyl units present in various dextrans possess the minimal configurational features necessary for binding to the protein.3'. The data that forced reexamination of the concept of an exclusive chainend interaction included inhibition studies in which model oligosaccharides were used 5 0 , 51 and reports 52-R4 that certain glycopeptides which lack terminal nonreducing a-D-gluco-and a-D-mannopyranosyl residues interact with concanavalin A. The experimental observation which provided the first indication that internal residues could bind to concanavalin A was the finding that the ,B-glucobiose sophorose ( 2-O-,B-~-glucopyranosyl-~-glucose) inhibited concanavalin A-dextran interaction.so FIGURE 4 shows the structure of sophorose and its site of reaction with concanavalin A.
Inhibition data also support the conclusion that internal 2-0-linked a-D- Further support for the reactivity of internal 2-0-linked u-mmannopyranosyl groups comes from precipitation studies with macromolecules of known structure. Through the kindness of several investigators, we have obtained samples of several Klebsiella polysaccharides, some of which contain internal 2-0-linked u-D-mannopyranosyl units. FIGURE 6 shows the structure of two of these: K-24 (Choy and and K-57 (Lindbergh and colleagues "). Both contain internal 2-0-linked u-D-mannopyranosyl units as the only glycosyl units potentially capable of interacting with concanavalin A. FIGURE 7 presents a gel diffusion study of the interaction of concanavalin A with these two polysaccharides, both of which give precipitin bands; K-1 1, The precipitin curves generated when concanavalin A interacts with Klebsieflu polysaccharides K-24 and K-57 are presented in FIGURE 8. The K-57 polysaccharide, which possesses blocks of two consecutive a-( 1 + 2 ) +manno-pyranosyl units within its structure, gives a more pronounced precipitin band than K-24 in Ouchterlony plates (FIGURE 7 ) and reaches equivalence at a slightly lower polysaccharide concentration.
The ability of concanavalin A to bind to internal a-mannopyranosyl units does not appear to be limited t o polysaccharides. A thyroglobulin glycopeptide with no terminal sugars capable of binding to concanavalin A was shown by Osawa and colleagues to inhibit the hemagglutination of erythrocytes by concanavalin A.
Most of the phytohemagglutinins that have been isolated in pure form have been shown t o be glycoproteins.:" (Concanavalin A l ' -~ and the wheat germ These studies lead to the conclusion that in addition to binding to saccharide chain ends of the appropriate configuration, concanavalin A will also react with internal 2-0-substituted a-wnannopyranosyl units. Accessible, internal 2-0-linked a-Dglucopyranosyl residues may also bind to the protein. This observation is helpful to the interpretation of the interaction of concanavalin A with naturally occurring glycopeptides,":' glycoproteins,"!', L-'ii synthetic carbohydrate-protein conjugates,6xs W' and cellular surfaces.if'. the reducing mannose residue is similar in character to the 3, 4, and 6 hydroxyls of a nonreducing mannose.
Of course, this does not completely explain its ability to interact with the more elaborate polysaccharides you later discussed, but I think there is something unique in the a-l,2 linkage for the mannose residues, and that the ultimate specificity will be intimately connected with that linkage.
DR. GOLDSTEIN:
In retrospect the ability of concanavalin A to bind a-1,2-linked mannose appears obvious. We originally suggested that the C-3, C-4, and C-6 hydroxyl groups must be free, and in 1,2-linked oligosaccharides they are. 
DR. HAGER (Roche Institute

DR. GOLDSTEIN:
We have evidence that the a-l,2-linked glucose molecule with its axial-equatorial arrangement will also react.
